Investigation of the algT operon sequence in mucoid and non-mucoid Pseudomonas aeruginosa isolates from 115 Scandinavian patients with cystic fibrosis and in 88 in vitro non-mucoid revertants Pseudomonas aeruginosa is the dominant pathogen causing chronic lung infections in patients with cystic fibrosis (CF). After an initial phase characterized by intermittent colonizations, a chronic infection is established upon conversion of P. aeruginosa from the non-mucoid to the mucoid, alginate-overproducing phenotype. During the chronic infection the isolation of both mucoid and non-mucoid isolates in CF sputum samples is very common. The purpose of the present study was to establish, by sequence analysis, the types of mutations present in the algTmucABD operon in a large number of mucoid and non-mucoid P. aeruginosa isolates from Scandinavian CF patients and in in vitro-derived non-mucoid revertants. Mucoid (83) and non-mucoid isolates (103) from 91 Scandinavian patients with chronic P. aeruginosa infection and 24 non-mucoid isolates from intermittently colonized CF patients were investigated. In addition, 88 spontaneous non-mucoid revertants obtained in vitro from nine mucoid CF isolates were also included in the study. Mutations in mucA were found in 92 % of the mucoid and in up to 70 % of the non-mucoid isolates from chronically infected patients, indicating that the majority of non-mucoid isolates are revertants. None of the non-mucoid isolates from intermittently colonized CF patients harboured mucA mutations. Although algT has been considered an important gene for secondary-site mutations responsible for reversion to non-mucoidy, only 30 % of the mucA-mutated non-mucoid CF isolates had mutations in algT. In contrast, 83 % of the in vitro-derived spontaneous non-mucoid revertants had mutations in algT, showing that in the CF lung there is a selection for non-mucoid revertants with secondary-site mutations in genes other than algT. In addition, we report, to our knowledge for the first time, loss-of-function mutations in the negative regulators mucB and mucD in CF clinical isolates. In some of the CF isolates these mutations are associated with moderate alginate production. In conclusion, most non-mucoid isolates from chronically infected CF patients are revertants and the mechanism of revertance is algT-independent in the CF lung.
INTRODUCTION
Establishment of the Pseudomonas aeruginosa chronic lung infection in the cystic fibrosis (CF) lung is preceded by a period of intermittent colonization with P. aeruginosa strains typically resembling those found in the environment, i.e. non-mucoid and antibiotic sensitive (Doggett et al., 1966; Høiby, 1977) . This stage is temporary and represents a window of opportunity for the aggressive treatment of the infection (Frederiksen et al., 1997; Høiby et al., 2005) . Untreated, the infection will eventually become chronic, characterized by the appearance of mucoid P. aeruginosa isolates (Doggett et al., 1966; Høiby, 1977; Pedersen, 1992) and an inflammatory response dominated by polymorphonuclear leukocytes (PMNs) . It has been shown that the reactive oxygen species liberated by PMNs can cause conversion of P. aeruginosa from non-mucoid to mucoid (Mathee et al., 1999) . Besides the oxygen radicals, various other stress conditions occur in the CF lung environment, such as high osmolarity, dehydration, nutrient limitation and antibiotics, all of which may affect alginate production (Bayer et al., 1990; Berry et al., 1989; DeVault et al., 1990; Speert et al., 1990; Terry et al., 1991; Bagge et al., 2004) .
Once the infecting bacteria become mucoid, the infection is very difficult to eradicate due to the biofilm mode of growth . Clinically, the presence of mucoid variants is associated with poor prognosis, deterioration of the lung function and increased tissue damage (Pedersen, 1992) . The main characteristic of the mucoid phenotype is the production of a thick mucopolysaccharide layer consisting of the exopolysaccharide alginate (Evans & Linker, 1973) . Great phenotypic heterogeneity has been shown among mucoid and nonmucoid CF isolates, including colony morphology, biofilm formation properties, antibiotic resistance and mediadependent alginate production (Fyfe & Govan, 1980; Govan et al., 1983; Pugashetti et al., 1982; Drenkard & Ausubel, 2002; Haussler, 2004; Lee et al., 2005) .
The alginate biosynthesis operon (algD-algA, PA3540-PA3551) is under the control of the algD promoter. A key element in algD gene regulation is the alternative sigma factor AlgT (also termed AlgU or s 22 ), which induces the expression of algD and increases the expression of regulatory proteins that enhance algD transcription (Govan & Deretic, 1996) . The algT gene belongs to an operon with four other genes, mucA-mucB-mucC-mucD.
Mutations in either mucA, mucB or mucD can lead to conversion to mucoidy (Martin et al., 1993a, b; Goldberg et al., 1993; , suggesting that the products of these three genes have negative regulator effects on algT. While mucA mutants are highly mucoid, mucB mutants have a slightly mucoid phenotype (Martin et al., 1993a; Mathee et al., 1997) , suggesting that MucA is the primary control element of AlgT activity. Mutations in P. aeruginosa mucD confer alginate production during growth on certain media (e.g. Pseudomonas isolation agar), suggesting that MucD can also act as a negative effector of AlgT activity .
MucA acts as an anti-sigma factor that binds and sequesters AlgT, thus affecting its ability to transcribe . MucB is also a negative regulator that binds to MucA and forms a signal transduction complex that normally keeps the AlgT transcriptional activity low Mathee et al., 1997; Rowen & Deretic, 2000) . The function of MucC is generally unknown but it has been reported as being both a positive and a negative regulator (Boucher et al., 1997a) . MucD is a close homologue of Escherichia coli HtrA (DegP), a periplasmic serine protease that is involved in the proteolysis of abnormal proteins and is required for resistance to oxidative and heat stress (Boucher et al., 1997b) . It has been shown that the proteolytic motif of MucD is important for its regulation of alginate production as well as temperature resistance . The mucD gene also has a secondary promoter, independent of AlgT, within the algT operon .
Activation from a distance is a unique feature of the algD promoter. Besides the control exerted by AlgT, MucA and MucB, the response regulators AlgR (Deretic et al., 1989; Nikolskaya & Galperin, 2002) , AlgB (Wozniak & Ohman, 1991; Goldberg & Dahnke, 1992) and the DNA-binding protein AlgZ (Baynham et al., 1999) also exert control of algD transcription.
Besides controlling alginate production, AlgT is the P. aeruginosa equivalent of the extreme heat-shock sigma factor s E of E. coli (Yu et al., 1995) . Congruent with the functions played by the s E in E. coli, AlgT is involved in the regulation of a number of other systems in P. aeruginosa, such as heat shock, osmotic protection and protection against reactive oxygen species Yu et al., 1995; Firoved et al., 2002) . It has also been shown that AlgT represses flagellum biosynthesis in P. aeruginosa (Tart et al., 2006) . Thus, the presence of uncontrolled AlgT in mucoid isolates interferes with the normal physiology of the cell and therefore the selective advantage of mucoid forms must be critical for the ability of this organism to persistently colonize and chronically infect CF patients . Besides, bacteria use a lot of energy to produce alginate and therefore it is not surprising that the mucoid phenotype is highly unstable in the absence of the selective pressure, e.g. once the strains are taken out from the CF lung (Govan et al., 1979; Ohman, 1981) .
Non-mucoid isolates are often isolated from the CF sputum samples with or without simultaneous isolation of the mucoid isolates (Doggett, 1969; Høiby, 1975) . These non-mucoid isolates are either wild-type P. aeruginosa strains or revertants from the mucoid isolates . The revertants might occur by repair of the mutation in mucA, or by secondary-site mutations in algT or other alginate regulatory genes (DeVries & Ohman, 1994) . Inactivation of algT is the most frequent mechanism that has been demonstrated for revertants obtained in vitro (DeVries & Ohman, 1994; Schurr et al., 1994) . However, this is not the only mechanism of conversion to the nonmucoid phenotype; several alternative pathways have been suggested for the reversion to the non-mucoid state . It has been shown that the nonmucoid revertants due to mutations in algT become motile through upregulation of the flagella and this was considered an adaptive mechanism allowing P. aeruginosa to swim towards areas of higher oxygen concentration (Wyckoff et al., 2002; Tart et al., 2006) . However, the nature of the non-mucoid isolates has not previously been investigated on a large number of P. aeruginosa isolates collected from the sputum of CF patients.
In a recent study of 37 sequential isolates from 10 CF patients attending the Hannover CF Clinic, Germany, mucA mutations were found in both mucoid and nonmucoid isolates but the occurrence of secondary-site mutations responsible for the reversion to the non-mucoid phenotype was not investigated (Bragonzi et al., 2006) .
The purpose of the present study was to analyse the mutations in the algTmucABD operon, which encodes the most important regulators of alginate production. This was performed in a large collection of mucoid and non-mucoid isolates from the sputum of Scandinavian CF patients with chronic or intermittent P. aeruginosa infection as well as in in vitro-obtained non-mucoid revertants. The correlation between the genotype of the alginate regulatory genes and the alginate morphotypes is discussed.
METHODS
CF patients, bacterial strains and growth conditions. One hundred and sixty-six paired mucoid and non-mucoid isolates from 83 Scandinavian CF patients with chronic P. aeruginosa lung infection were investigated (Denmark, 38 patients; Sweden, 26 patients; and Norway, 19 patients). These patients were randomly chosen from the CF patients attending six different CF clinics (total number of CF patients/number of chronically infected with P. aeruginosa): Copenhagen (240 /112) and Å rhus (119/73) in Denmark; Uppsala (44/21) and Lund (109/27) in Sweden; and Oslo and Bergen (201/73) in Norway. Identification of the different P. aeruginosa clones in the six CF centres done by PFGE showed a number of different P. aeruginosa clones harboured by a number of patients as follows: Copenhagen, 21 different clones/twelve to two patients; Å rhus, nine different clones/four to two patients; Oslo, two different clones/ten to nine patients; Uppsala, one clone/three patients; and Lund, three clones/four to two patients. Since the Å rhus centre was established in 1991 and a number of CF patients transferred from Copenhagen, five clones were common, each harboured by four to two patients. The 83 pairs of mucoid and non-mucoid isolates included in this study had similar PFGE patterns and therefore were clonally related. Twenty non-mucoid isolates from eight Danish chronically infected CF patients from whom only non-mucoid colonies were routinely identified were also included in the study.
In addition, non-mucoid isolates from 24 early intermittently colonized Danish CF patients were included in this study.
The CF patients were considered chronically infected when P. aeruginosa was cultured in the sputum for six consecutive months or serum contained¢2 precipitating antibodies to P. aeruginosa by crossed-immunoelectrophoresis (Høiby, 1977) .
Sputum samples obtained by expectoration or endolaryngeal suction were Gram-stained and examined under the microscope to confirm the origin from the lower airways, with the exception of the samples from Norway. The sputum samples of the 83 Scandinavian CF patients were plated on Blue agar plates (a modified Conrad Drigalski medium selective for Gram-negative rods, Statens Serum Institute, Copenhagen, Denmark, containing: peptone 10 g, yeast extract 5 g, NaCl 5 g, agar 11 g, detergent 0.05 g, sodium thiosulphate 1 g, bromthymolblue 0.1 g, lactose 9 g and glucose 0.4 g).
One mucoid and one non-mucoid P. aeruginosa isolate, which were simultaneously present in the sputum samples of the 83 Scandinavian patients, were collected from the Blue agar plate and considered a pair of isolates.
The sputum samples of the eight Danish CF patients who were registered in the records as presenting only non-mucoid isolates were plated on PIA (Pseudomonas isolation agar, Difco, containing peptone 20 g, magnesium chloride 1.4 g, potassium sulphate 10 g, Irgasan 25 mg and agar 13.6 mg), LB and Blue agar plates and incubated for at least 7 days. Colonies with different morphotypes were observed and a total of 20 colonies were isolated (one and up to four different colonies per sputum sample).
From the sputum samples of CF patients with intermittent colonization only non-mucoid isolates were cultured and one isolate from each patient was collected. All isolates were stored at 280 uC in broth supplemented with 10 % glycerol.
Spontaneous non-mucoid revertants isolated in vitro. Nine different mucoid CF isolates and PAO1 mucA22 (Mathee et al., 1999) were grown for 4-7 days in continuous culture in flow-cell biofilms as previously described (Lee et al., 2005) . The bacteria recovered from biofilm reverted to the non-mucoid phenotype in a proportion of 80 %, and 17 different non-mucoid revertants were isolated.
The nine different mucoid CF isolates and PAO1 mucA22 were also grown in shaking aerobic conditions for 4 or 7 days and 12 different spontaneous non-mucoid revertants were isolated.
In addition, 60 separate shaking cultures, 30 in aerobic and 30 in anaerobic conditions, of one CF mucoid isolate were performed. One non-mucoid revertant from each of the 60 cultures was isolated.
In all in vitro experiments the growth medium was FB minimal medium [1 mM MgCl 2 , 0.1 mM CaCl 2 , non-chelated trace elements, 2 g (NH 4 ) 2 SO 4 l 21 , 6 g Na 2 HPO 4 . 2H 2 O l 21 , 3 g KH 2 PO 4 l
21
, 3 g NaCl l 21 ] supplemented with 0.2 % Casamino acids and 0.2 % glucose. Anaerobic growth was performed in the presence of 0.2 % KNO 3 in an anaerobic chamber (85 % N 2 , 5 % CO 2 , 10 % H 2 ; Don Whitley Scientific).
Investigation of the alginate morphotypes on PIA and LB media. Different alginate morphotypes were classified according to Schurr et al. (1994) on the basis of their phenotypes on two media, PIA and LB (Fig. 1) . Type I was mucoid on PIA and LB; type II was mucoid on PIA but lost its mucoid appearance on LB; type III was non-mucoid on both PIA and LB; and type IV displayed very slight but detectable mucoidy on both media after an incubation period of at least 4 days Schurr et al., 1994) . In order to classify the 83 pairs of mucoid and non-mucoid isolates into the different phenotypes, the isolates were subsequently grown on Blue agar plates, PIA plates and LB plates and followed for 7 days. The 20 isolates of the eight CF patients with chronic non-mucoid P. aeruginosa were recovered after prolonged growth of the sputum samples on the three different media.
Genotyping by PFGE. All isolates were genotyped by PFGE as described previously using SpeI enzyme (Ojeniyi et al., 1991; Römling & Tümmler, 2000) . After PFGE, the band patterns were visualized by ethidium bromide staining and then photographed (GelDoc imaging system, Bio-Rad). The patterns were analysed by Fingerprinting II software (Bio-Rad). The clonal relatedness of the individual pairs of mucoid and non-mucoid P. aeruginosa was confirmed according to Tenover et al. (1995) . Isolates with PFGE patterns that differed from each other by two to three bands were considered clonally related, as this pattern is consistent with a single genetic event, a point mutation or an insertion or deletion of the DNA. Isolates with PFGE patterns that differed by more than three bands were considered to belong to different strains. Sequence analysis of algTmucABD operon. DNA extraction was carried out according to the manufacturer using a commercial DNA isolation kit (Puregene, Gentra Systems).
For PCR amplification and sequencing of algT, mucA, mucB and mucD, the primers shown in Table 1 were used. PCR amplification of the entire algTmucABD operon was carried out using DYNAzyme EXT DNA polymerase (FINNZYMES).
The sequencing was done on a Macrogen automatic DNA sequencer ABI3700. The numbers of reads were between two and four for each gene of each strain. The sequence results were compared with the strain PAO1 sequence (www.pseudomonas.com) with DNASIS MAX version 2.0 (Hitachi Software Engineering), in order to determine the occurrence of sequence variants within the algT operon.
Complementation analysis. Triparental mating was used to mobilize the algT-containing recombinant plasmid pCD100 from E. coli JM109 to non-mucoid P. aeruginosa isolates showing a mucA algT mutant genotype with the conjugation helper plasmid pRK600 (Kessler et al., 1992) , as previously described (Hoffmann et al., 2005) . Transconjugants of P. aeruginosa were selected on PIA agar containing 80 mg tetracycline ml 21 , and complementation of algT mutations was scored by the mucoid phenotype observed on PIA plates after incubation at 37 uC to confirm that the mutations found in algT were responsible for the non-mucoid phenotype.
Alginate measurement. Alginate production was measured using a borate/carbazol method (Knutson & Jeanes, 1968) on overnight cultures in ox broth of the 83 pairs of mucoid and non-mucoid P. aeruginosa isolates from chronically infected CF patients. DMannuronate lactone (Sigma) was used to calibrate a standard curve, and PAO1 and PAO1 mucA22 were used as control strains. The results are presented as medians (range) and the unpaired t-test (Statview 4.5 software, Abacus Concepts) was used to compare the different alginate morphotype groups. Our group has previously shown that this method is specific for alginate (Pedersen et al., 1989 Type IV Fig. 1 . Examples of the four alginate morphotypes on the basis of their phenotypes on two media, PIA (left) and LB (right), after 2 days incubation at 37 6C. Type I was mucoid on both PIA and LB; type II was mucoid on PIA but lost its mucoid appearance on LB; type III was non-mucoid on both PIA and LB. After 7 days incubation at 37 6C type IV showed increased alginate production on PIA and remained non-mucoid on LB. Table 1 . Primers used to amplify and sequence the genes in the algTmucABD operon
RESULTS

Clonal distribution of the mucoid and non-mucoid isolates
Among the 38 Danish patients with chronic P. aeruginosa infection, two dominant clones were found: Dk1 (16 patients) and Dk2 (9 patients). CF patients from both the Copenhagen and the Å rhus CF centres harboured these clones. The presence of these two dominant clones was published previously by our group (Ojeniyi et al., 1993; Jelsbak et al., 2007) . Among the 26 Swedish patients, three different clones were found among patients attending the Lund CF centre: L1 (three patients), L2 and L3 (each infecting two patients). One patient from Lund and one patient from Å rhus harboured the same clone. Among the 19 Norwegian patients, one dominant clone was found, clone N (13 patients). The presence of this dominant clone among Norwegian CF patients was published previously (Fluge et al., 2001) . Unique clones among P. aeruginosa isolates from Denmark (Ud), Sweden (Us) and Norway (Un) were found in the rest of the patients.
Among the 24 CF patients with intermittent colonization, three clones, each harboured by two patients, were found, while the rest of the patients harboured unique clones.
The genotyping analysis showed that with the exception of one patient from Sweden and one from Denmark who shared the same clone, no cross-infection occurred among the Danish, Swedish and Norwegian CF patients attending the six different clinics in Scandinavia. Patients who moved to a newly established clinic in Denmark harboured some of the dominant clones from the original centre.
Distribution of the different alginate morphotypes
Four alginate morphotypes could be distinguished, in agreement with Schurr et al. (1994) : see Fig. 1 .
The alginate phenotype of the mucoid and non-mucoid isolates from the 83 chronically infected CF patients was initially determined on Blue agar plates. Subsequent culture on PIA and LB plates showed that 87 % of the non-mucoid and 89 % of the mucoid maintained their phenotype on PIA and LB. This means that 87 % of the non-mucoid isolates showed a type III alginate production and 89 % of the mucoid isolates a type I alginate production.
However, six non-mucoid and eight mucoid isolates showed a phenotype of Alg + on PIA and Alg 2 on LB, corresponding to a type II alginate morphotype, and five non-mucoid isolates showed slightly increased alginate production on PIA after 7 days incubation, corresponding to type IV alginate production.
From the eight CF patients with chronic infection with non-mucoid P. aeruginosa, five isolates showed type IV alginate production, starting to produce increased amounts of alginate after prolonged incubation, while the rest of the 15 non-mucoid isolates maintained their phenotype and showed type III alginate production.
When the phenotypic characterization of alginate production (types I, II, III and IV) as judged by the colony morphology on PIA and LB plates was compared to the level of alginate production measured on overnight culture in ox broth, a good correlation was found. The median amount of alginate measured in isolates that showed a type I, II, III and IV morphotype was 180.69 (16.8-757.9), 79.6 (1.07-449), 0 (0-27.9) and 2 (0-496) mg l
21
, respectively. The differences between the different groups were statistically significant. This shows that colony morphology on PIA plates correlates with the amount of alginate produced by the isolates in a rich medium such as ox broth.
Mutations in mucA, mucB and mucD in nonmucoid and mucoid P. aeruginosa isolates from chronically infected patients
The DNA sequence analysis of mucA carried out on nonmucoid (103) and mucoid (83) P. aeruginosa isolates from chronically infected Scandinavian CF patients showed that 71 (69 %) of the non-mucoid isolates and 77 (93 %) of the mucoid isolates had mutations in mucA. No mutations in mucA were found in the non-mucoid isolates from 24 intermittently colonized patients. The types of mucA mutations in Scandinavian mucoid and non-mucoid isolates are presented in Table 2 .
The most common mutation was a C/T transition at position 349 or 352 bp of the mucA gene (mucA consists of 585 bp), which resulted in a stop codon, followed by the mucA22 mutation, a deletion of a G within the homopolymeric stretch of five G residues located between positions 429 and 433 of the mucA coding region.
An association between the dominant clones and the types of mucA mutation was observed: clone Dk1 and T349C, clone Dk2 and mucA22, and clone N and T352C. These associations provide an explanation for the high frequency with which these types of mucA mutations were found among the Scandinavian CF isolates. However, the same types of mutations were also found in unrelated clones from different geographical locations in Scandinavia, suggesting that these loci represent hot-spot regions for mutation in mucA. In addition, the mucA22 mutation was reported previously in several mucoid isolates from the USA, Europe and Australia (Boucher et al., 1997b; Bragonzi et al., 2006; Anthony et al., 2002) . Isolates belonging to the Dk1, Dk2 and N clones showed several other types of mutations.
The sequence alterations found in mucB and mucD in mucoid and non-mucoid isolates of the chronically infected CF patients are presented in Table 3 . For mucB we identified several insertions and deletions, leading to frameshifts and premature stop codons. We also identified a T deletion at position 41 of mucD leading to a premature stop codon. These types of gene alterations probably result algT operon in CF P. aeruginosa isolates in loss of function of their gene products and have apparently not been reported before. Some isolates had several point mutations leading to multiple amino acid changes in MucB or MucD. However, in a large number of the CF isolates simultaneous mutations in mucA and mucB or mucD were identified (results not shown). Therefore, the alginate regulator roles played by mucB and mucD are difficult to assess from our data. We identified five isolates with sequence alterations in mucB or mucD and wild-type mucA. One isolate showed a mucoid phenotype only on PIA (type II) and four isolates showed a mucoid phenotype after prolonged incubation (type IV) ( Table 3 ). The isolates with type II alginate production had a 4 bp insertion at position 808 in mucB, resulting in a frameshift and a premature stop codon at position 855 (mucB consists of 951 bp). Two of the isolates with type IV alginate production harboured a D162 bp at 235 and an 8 bp insertion at 466, resulting in premature stop codons in mucB. The other two isolates with type IV alginate production showed a DT41, resulting in a stop codon in mucD (mucD consists of 1425 bp), and several point mutations in mucD (A409G, C673G, G1321A), resulting in amino acid changes (Table 3 ). These findings suggest that these sequence alterations might result in loss of function of the negative regulators MucB or MucD, leading to increased transcription of the alginate operon when growing on PIA plates or after prolonged incubation.
Interestingly, the more common single-point mutations C338T and A631G found in mucB or A409G, C673G and G1321A in mucD that led to amino acid changes in the respective encoded proteins were reported previously in German isolates (Bragonzi et al., 2006) and might suggest that these are hot-spot regions for mutations in mucB and mucD.
Mutations in the algT gene in non-mucoid P. aeruginosa isolates Of the 71 non-mucoid isolates with a mucA mutant genotype, only 37 (52 %) had sequence alterations in algT. Moreover, some algT mutations, such as A55G resulting in a change of Lys to Glu (13 non-mucoid isolates), C115T resulting in a change of Arg to Trp (one non-mucoid isolate), C389T resulting in a change from Ala to Val (one non-mucoid isolate) and C430T resulting in a change of Arg to Cys (one non-mucoid isolate), were also found in the algT sequence of the paired mucoid isolates, suggesting that these mutations do not affect the functionality of AlgT.
Thus, algT mutations present only in isolates with a nonmucoid phenotype were found in 21 isolates representing 30 % of the mucA mutant non-mucoid revertants (Table 4) . With the exception of C58T (one isolate), C496T (one isolate), C499T (seven isolates) and a T deletion at position 97 (one isolate), all the other mutations could be complemented by pCD100, encoding the wild-type algT (Table 4) . Although we could not confirm by complementation the effect of the T deletion at position 97, this mutation very probably causes a loss of function of the gene product, as it leads to a frameshift and a stop codon at position 106 bp in algT (algT consists of 582 bp). Even though we did not succeed in the complementation of all point mutations, we cannot exclude that the functionality of the algT gene product is affected by these point mutations (Table 4 ). In contrast to the low percentage of CF non-mucoid revertants that had changes in algT, up to 83 % (73 out of 88) of the spontaneous non-mucoid revertants obtained in vitro showed mutations in algT (Table 5) .
Fifteen of the 88 in vitro revertants had a wild-type algT allele and, interestingly, 14 of them were recovered after anaerobic or biofilm growth. This might suggest that under stress conditions such as low oxygen tension, a selection of isolates with impaired AlgT function might occur.
The types of algT mutations found in the 21 clinical nonmucoid revertants were different from the types of mutations found in the 88 in vitro-obtained isolates. However, a 9 bp insertion found in 3 out of 21 CF isolates was frequently observed in the in vitro isolates, especially Table 3 . Types of mutations and the changes determined in the sequence of mucB and mucD in mucoid (M) and nonmucoid (NM) isolates
The number of isolates with the respective mutation is shown. Isolates with reduced alginate production (such as type II or IV) are indicated. Some isolates had several mutations in mucB and mucD; these are shown by superscript numbers ( 1-6 ) for each mutation type. 
Mutation
DISCUSSION
Sequence analysis of the algT operon in a large number of mucoid and non-mucoid P. aeruginosa isolates from Scandinavian CF patients showed that the majority of the non-mucoid isolates are revertants from the mucoid phenotype as they have mutations in mucA. Although algT has been considered one of the main genes for secondary-site mutations resulting in reversion to nonmucoidy, inactivation of algT was found in only 30 % of the CF revertants. However, a much higher percentage (86 %) of the in vitro spontaneous revertants showed inactivation of algT. Previous studies showed that 9 out of 28 (DeVries & Ohman, 1994) and two out of three spontaneous revertants had mutations in algT.
These data show that although algT mutants can grow and survive in laboratory conditions, they are less proficient in the CF lung environment due to the role played by AlgT in adaptation to stress. The large variety of the algT mutations found in the present and previous studies might suggest that algT contains no hot-spot regions for mutations as is the case for its negative regulator, mucA.
The role played by AlgT in stress adaptations has been established by several studies.
Transcriptomic analysis revealed differential AlgT-dependent expression of the osmC and osmE genes, which potentially play a role in stress defence (Palma et al., 2004) . Therefore, algT mutants would be less proficient in adapting to osmotic stress. It has also been shown that algT mutants of P. aeruginosa showed increased susceptibility to reactive oxygen intermediates Yu et al., 1996) , indicating that even though algT mutants occur frequently in vitro (DeVries & Ohman, 1994; Schurr et al., 1994) , they are probably destroyed by the host response in vivo. Finally, in a recent paper algT was identified together with algB and algR as an important regulator of the alginate induction by environmental factors such as cell-wall-inhibitory antibiotics. If algT activation is involved in the response to cell-wall stress, then an algT mutant could be more susceptible to cell-wall antibiotics and therefore easily destroyed in the lung by the antibiotic treatment of the chronic lung infection. If this is true, we can not exclude a selection bias towards nonmucoid revertants with wild-type algT, which might be more resistant to antibiotics. Another possible explanation could be that mutations that arise during the strong Table 5 . Types of mutations and the determined sequence changes in algT found in non-mucoid revertants obtained in vitro
The conditions under which these revertants occurred (biofilm, aerobic and anaerobic growth) are shown. The numbers of isolates with the respective mutations are indicated. Although the existence of alternative pathways that cause revertance to the non-mucoid phenotype has been postulated, the site of these mutations is not yet known. However, the investigations of the alginate morphotypes on LB and PIA agar might suggest that mutations in the regulatory genes algB and algR could be candidates for the secondary mutations responsible for in vivo revertance. PIA medium contains Irgasan, the trade name for triclosan, which has been shown to be a strong alginate inducer by a mechanism dependent on algT, algB and algR . Thus, lack of inducibility of alginate production on PIA agar (type III alginate production) should characterize mutants in one of the three genes. Our study shows that the majority of the CF non-mucoid revertants showing a type III morphotype had no mutations in algT and therefore mutations in algB and algR could explain this morphotype.
Mutation in algT
The mucA mutations identified in non-mucoid CF isolates were also found in the paired mucoid isolates. In agreement with previous studies (Boucher et al., 1997b; Yoon et al., 2006; Bragonzi et al., 2006) , mutations in mucA were found to be the main mechanism of conversion to mucoidy. However, we were also able to identify loss-offunction mutations in mucB or mucD in some non-mucoid isolates with increased alginate production on PIA plates (type II) or after prolonged incubation (type IV). As these non-mucoid isolates with attenuated alginate production in vitro have mutations in the alginate regulatory genes, they might have the potential for increased alginate production in vivo in the CF lung. In some CF patients with chronic P. aeruginosa infections no mucoid isolates are cultured. We suggest that these P. aeruginosa isolates have mucB or mucD mutations and might be misinterpreted as non-mucoid in the clinical microbiological laboratory.
Mucoid isolates with a wild-type mucA allele were found in 7 % of the isolates, showing, in agreement with previous studies (Martin et al., 1993b) , that other loci are involved in the conversion to mucoidy. However, this seems to be a rare event among Scandinavian CF isolates compared to mucoid isolates from CF clinics in the USA and Canada, where, according to Yoon et al. (2006) , approximately 13 % of the mucoid isolates had a wild-type mucA.
As expected, 100 % of the non-mucoid strains isolated from intermittently colonized patients showed wild-type mucA, confirming that the initial colonization of the CF patients occurs with environmental wild-type isolates that convert to alginate overproducers under the selection pressure in the CF lung. The demographic data showed that the intermittently colonized patients were much younger than the chronically colonized patients. These intermittently colonized patients are in the window of opportunity for the treatment of the infection before mutations in mucA, responsible for conversion to mucoidy, occur.
Non-mucoid isolates from chronically colonized CF patients with wild-type mucA allele were found in 30 % of the isolates, suggesting that these isolates might be the original wild-type isolates that infected the patient. However, some of these isolates showed algT mutations (data not shown), raising the possibility that acquisition of a wild-type mucA allele had occurred by horizontal gene transfer.
In conclusion, most of the non-mucoid CF isolates are revertants from mucoid isolates and the mechanism of revertance is algT-independent; this is in contrast to the in vitro-obtained isolates, which frequently show mutations in algT. Investigations are continuing in our laboratory to find out which genes might be responsible for the conversion to non-mucoidy in vivo.
